INTRODUCTION
Nowadays, consumers have the desire for a lower dependence on depleting fossil fuels and driven by this consumer demand, industrial players and scientist worldwide have been busy carrying out research and product development activities that focuses on sustainable renewable resources 1, 2 .
One of the major renewable resources that has been studied and used by chemical industries in various applications is natural oils. Natural oils have been used to make surfactants, coatings, lubricants and cosmetic products 3 .
More recently, there have been many studies on the synthesis and characterization of polymers made from natural oils 4 . A particular area of interest is in the development of renewable polyols and polyurethanes from natural oils 5 .
The most common method to make polyols from natural oils is through epoxidation of the natural oil s alkene group followed by epoxide ring opening with a nucleophile such as methanol or hydrochloric acid 6 .
The polyols produced from this common method are mostly monomeric natural oil based polyols, which are basically a single unit of a polyhydroxylated triglyceride molecule that have an average molecular weight of 1000 Da.
These polyols are suitable for making rigid PU products due to their molecular weight and polyhydroxylated nature, which matched the properties of typical petroleum based polyols used for making rigid PU products 7 . In contrast, typical polyols for flexible PU products have higher molecular weight 3000 -6500 Da and lower hydroxyl functionalities 7 , which cannot be fulfilled by natural oil based polyols prepared through method described above. Therefore, a different synthetic method is required to prepare oligomeric/polymeric polyols from natural oils. Not many literature have appeared on making oligomeric/polymeric polyols from natural oil and its derivatives. One of the examples is the work done by Lligadas et al. 8 ,
where the epoxidized methyl oleate EMO was oligomerized through epoxide ring opening polymerization at room temperature by using HSbF 6 as the catalyst. Subsequently, the ester functionalities of the oligomerized methyl oleate were reduced to hydroxyl groups with LiAlH 4 in tetrahydrofuran THF to yield oligomeric polyols with 3-4 hydroxyl groups per mol that have molecular weight in the range of 1000 to 1500 Da. However, the properties of the prepared polyols were found suitable for rigid PU products.
Another example is the work done by Ronda et al. 9 ,
where EMO was copolymerized with a small amount of THF through epoxide ring opening polymerization at room temperature by using Vandenberg catalyst. The main purpose of the copolymerization is to suppress the formation of by-products in the reaction. Subsequent partial reduction of the ester functionality of the copolymerized EMO-THF with LiAlH 4 in THF yielded copolymer polyols that have molecular weight about 6200 Da, which are suitable for making flexible PU products. Therefore, epoxide ring opening copolymerization with THF is a suitable method to produce natural oil based polyols for making flexible PU products. Nevertheless, no attempt was made by Ronda et al. to copolymerize EMO with larger amount of THF 1:1 ratio and to evaluate the properties of the copolymer polyols. Furthermore, to the best of author s knowledge, there has been no literature on the epoxide ring opening copolymerization of epoxidized natural oils ENO with THF. Therefore, the objectives of this paper are to synthesize copolymers of ENO and THF, and to evaluate the properties of PU made from these copolymers, which closely correlates to the level of unsaturation of a natural oil used in making these copolymers. In addition, the properties of these PU were compared against benchmark PU made from homopolymerized THF PTHF , which is used to make PU elastomer products such as flexible hoses and cable sheatings.
EXPERIMENTAL PROCEDURES

Materials
All purchased chemicals reagents were used as received. 2.4 Homopolymerization of tetrahydrofuran catalyzed by tri ic acid Tetrahydrofuran THF 150 g, 2.1 mol was weighed into a round bottom flask and was stirred and heated at 60 under N 2 atmosphere for 30 minutes. Then triflic acid CF 3 SO 3 H 24.0 g, 0.16 mol was added drop-wise to the THF. After the addition of triflic acid was completed, the reaction temperature was maintained at 60 under N 2 atmosphere for another 8 hours. Then, the reaction mixture was poured into separation funnel. Cyclohexane 300 ml and deionized water 300 ml were added to it. The aqueous layer was discarded and the organic layer was washed with sodium bicarbonate solution 300 ml . The organic layer was separated from the aqueous layer. The organic layer was again washed with deionized water 300 ml . The organic layer was separated from the aqueous and was dried over anhydrous MgSO 4 2.5 General procedure for polyurethanes synthesized using copolymer polyols 2.5.1 Polyurethane made from copolymer EPO-THF as an example. Copolymer EPO-THF 10 g, hydroxyl value 40 mg KOH/g sample was weighed into a round bottom flask and chloroform 150 ml was added to dissolve it. The round bottom flask was purged with dry nitrogen gas to remove any moisture from the system. Then, 4,4 -methylene diphenyl diisocyanate MDI 1.7 g was added to the dissolved polyol. The NCO/OH ratio index was 1.02. The reaction mixture was heated to 60 under reflux condition for 24 hours. After 24 hours, some of the chloroform was removed by using a rotary evaporator and then polyurethane product was poured into a pre-heated mold at 60 . 
RESULTS AND DISCUSSION
The objectives of this work are to copolymerize ENO with THF and evaluate the properties of PU made from these copolymers as well as to understand how the properties of these PU samples are affected by the level of unsaturation of a natural oil used in making them.
Epoxidation of natural oils using hydrogen peroxide
and a tungsten catalyst Unsaturated natural oils were subjected to epoxidation reaction according to a modified procedure reported by Coles et al. 11 , which is a modified version of Venturello epoxidation 12 process. The prepared ENO were epoxidized methyl oleate EMO , epoxidized cocoa butter ECB , epoxidized palm oil EPO and epoxidized soybean oil ESO . The yield and oligomeric content of the ENO were determined by GPC and 1 H NMR analysis. The most abundant ENO structure for respective natural oils Fig. 1 was determined by high resolution mass spectrometry HRMS and 1 H NMR.
Copolymerization of epoxidized natural oils with THF
The copolymerization of the prepared ENO with THF was carried out at 20 for 24 hours with excess of THF and boron trifluoride etherate BF 3 .Et 2 O was used as the catalyst. 3.2.1 Effect of catalyst amount on the properties of copolymers The first reaction parameter that was investigated is the amount of catalyst and its effect on the properties of copolymers. The amount of catalyst was varied from 0.02 to 0.1 mol equivalent to every mol of epoxide on 1 mol of the ENO. The monomer ratio between THF and ENO was fixed at 20:1. The results of the study are tabulated in Table 1 .
When EMO and ECB were subjected to the copolymerization reaction with 0.05-0.1 mol equivalent of BF 3 . Et 2 O as catalyst, the produced copolymers were viscous liquid products. In comparison, when the same reaction was repeated with EPO and ESO , the copolymers were cross-linked products. This indicates that the multiple epoxide groups of EPO and ESO enable them to form cross-linked polymers and that 0.02 mol equivalent of catalyst generated enough active polymer chains from the multiple epoxide groups to promote cross-linking during polymerization. Infrared analysis of cross-linked ESO-THF as
Fig. 1 Epoxidized natural oils (ENO).
shown in Fig. 2 revealed that the amount of residual epoxide group 824 cm 1 in the cross-linked product was about 37 as compared to starting material epoxidized soybean oil. On the other hand, EMO and ECB with one epoxide group were insensitive to the amount of catalyst and could not form cross-linked product. This prompted the study on the effect of other reaction parameters monomer ratio, temperature and duration on the properties of copolymers in order to produce liquid copolymers from EPO and ESO as well as to optimize the properties of these copolymers for PU applications.
Effect of monomer ratio on the properties of copolymers
For this study, EPO was used as the renewable ENO to copolymerize with THF. The ratio between EPO and THF was varied in order to observe changes in the properties of the copolymers EPO-THF . Table 2 displays the properties of the copolymers from this study.
The results in Table 2 shows that the minimum ratio between THF and EPO must be equal to or above the 16 : 1 ratio Entry 4 in order to get non-cross-linked liquid product. Below this specific ratio, we achieved cross-linked copolymers Entry 1 to 3 . Higher ratios of THF to EPO Entry 5 and 6 yielded copolymers with higher number average molecular weight as compared to copolymer from It is proposed that the cross-linking of copolymers Entry 1 to 3 is due to the higher amount of EPO presence in the monomers mixture. Literature has shown that epoxidized soybean oil will form cross-linked polymers if it was ring opened with BF 3 .Et 2 O without solvent 13 . However, it may form liquid oligomeric polyols if it was ring opened in solvent. In other word, solvent may be able to prevent the formation of cross-linked products. In this copolymerization reaction system, THF acts as a monomer as well as a solvent for the reaction system. Therefore, at lower THF: EPO ratios Entry 1 to 3 , the amount of THF is insufficient to prevent the cross-linking of reaction mixture. At higher THF ratios Entry 4 to 6 , the amount of THF as solvent is sufficient to prevent/retard cross-linking of the copolymers. Furthermore, higher amounts of THF in the reaction mixture also yielded copolymers with higher molecular weights. 3.2.3 Effect of reaction temperature on the properties of the copolymers The copolymerization of EPO with THF was repeated at different temperature to evaluate the effect of temperature on the properties of the copolymers EPO-THF . The following Table 3 tabulates the result of this study.
When the reaction was conducted at 60 with 0.025 mol equivalent of BF 3 .Et 2 O Entry 1 , the product was liquid copolymers 80 yield with an average molecular weight M n of 16500. However, by lowering the reaction temperature to 20 Entry 2 , the product was a crosslinked gelled copolymer. At the lower reaction temperature, the cross-linking of epoxide caused the gelation in the copolymerization of EPO and THF. This is due to the lower activation energy for epoxide ring opening 20 kcalmol 1 14 as compared to THF ring opening 51.3 kcalmol 1 15 . Therefore, when the copolymerization was conducted at low temperature 20 , the epoxide ring opening reaction predominates thus causing gelation but when the reaction was conducted at higher temperature 60 , the THF ring opening reaction predominates yielding liquid copolymers.
The extent of copolymerization reaction against time
A study was conducted to evaluate the extent of copolymerization reaction of EPO with THF catalyzed by BF 3 . Et 2 O against time. A small aliquot was removed from the reaction mixture after 5 minutes and 30 minutes of reaction and then at every hour of reaction. The small sample was washed with water to quench the reaction before analyzing it with GPC. Figure 3 shows that after 5 minutes into the reaction, the amount of EPO-THF was low but the M n of EPO-THF was significantly high 26500 Da . The copolymers content increased progressively with reaction time, in which it reached 82 in 24 hours and at the same time the PDI of the copolymers also broadens indicating more polymer chains were cross-linking with the longer reaction time. The polymer content starts to level out plateau , indicating that the polymer content would not increase significantly with a longer reaction time Fig. 3 .
The number average molecular weight M n of EPO-THF analyzed by GPC is about 58700 Da. MALDI-TOF-MS analysis of EPO-THF Fig. 4 shows a peak at 1086 Da, 3 Graph to show the copolymerization of (EPO) with THF against time.
Fig. 4 MALDI-TOF-MS
spectrum of (EPO-THF) by using 2,5-dihydroxybenzoic acid as the matrix in the analysis. Table 4 shows the properties of copolymers of THF with ENO EMO, ECB, EPO and ESO . These copolymers were produced through the optimum reaction conditions for each type of oils. The reaction products were analyzed by 1 H NMR and GPC.
Summary of copolymerization of epoxidized natural oils and tetrahydrofuran
The copolymerization reaction of THF with EMO and ECB that have one epoxy group per molecule would not form cross-linked polymer even when catalyzed by 0.05 mol equivalent of BF 3 .Et 2 O and both ENO EMO and ECB gave good yield of oligomeric polyols 97 , 93 respectively with relatively low PDI. While for ENO with multiple epoxide groups per molecule EPO and ESO , the amount of catalyst must be less than 0.03 mol equivalents of BF 3 . Et 2 O to avoid formation of cross-linked products. Furthermore, the monomer ratio THF : ENO increases with more epoxide groups per molecule to avoid formation of crosslinked products. In general, ENO with more epoxides per molecule lead to larger molecular weights as shown by GPC results, in which EPO that has two epoxide groups per molecule, produced copolymers with M n about 56000 Da, while ESO that has higher epoxide content 5 epoxide groups per molecule , produced copolymers with even higher M n 115000 Da as compared to EMO and ECB in this study Table 4 .
The acid values of the copolymers 1 mg KOHg 1 are considered low and acceptable for use in PU formulation and this indicates little hydrolysis happened during the copolymerization reaction; however copolymers based on EMO have a higher acid value due to the relative ease of hydrolysis of the methyl ester group. The hydroxyl value of the copolymers ranges from 25 to 60 mg KOHg 1 , depending on the starting material. In general, natural oils with a higher amount of epoxide functionality would produce a higher hydroxyl value because the hydroxyl functionality originated from the epoxide group through epoxide ring opening reactions. The following Table 5 shows the average length of THF chains grafted from ENOs and the ratio of THF/ENO segment; calculated from corresponding 1 H NMR and GPC data.
Based on data in Table 5 , the ESO-THF has the highest THF units per ESO segment; this is followed by EPO-THF and then ECB-THF. This indicates that the ENO with the highest degree of epoxide group produced copolymer ENO-THF with the highest THF units per ENO segment. Meanwhile, the EMO yielded copolymer EMO-THF with 28 units of THF per EMO segment.
The ECB-THF copolymer has the shortest average length of THF chain grafted on ECB, which was about 600 Da equivalent to 8 units of THF . This could be due to the low monomer ratio THF : ECB used in making ECB-THF as compared to other ENO. The longest average length of THF chain grafted on ENO was found in EPO-THF 1600 Da; equivalent to 23 units of THF , while EMO-THF and ESO-THF were found to have THF chains with an average length of 1000 Da equivalent to 14 units of THF grafted on EMO and ESO respectively. The longer average length of THF chains grafted on EPO-THF as compared to ESO-THF even though ESO-THF has more units of THF per ESO segment; could be due to ESO higher degree of epoxide groups, which provided more grafting point on the molecule that reduces the average length of THF chains.
These copolymers have hydroxyl groups that can react with diisocyanates, therefore they can theoretically be used to make polyurethane PU products. In the later sections, the properties of PU products made from these copolymers were evaluated and were compared with PU product made from homopolymerized THF PTHF .
Homopolymerization of tetrahydrofuran catalyzed by
tri ic acid The homopolymerization of THF was conducted according to method published by Dorai et al. 16 . The purpose of this work is to prepare homopolymers of THF as a benchmark in this study. The homopolymer of THF PTHF was analyzed by GPC, MALDI-TOF-MS and 1 H NMR. Table 6 shows the properties of PTHF . GPC analysis shows that the PTHF has a M n 18000 Da while MALDI-TOF-MS analysis of PTHF Fig. 7 shows a peak at 958 Da, which corresponds to sodium adduct of homopolymerized 13 units of THF PTHF13 Fig. 8 . The other peaks are PTHF13 plus additional unit of the THF. The prepared PTHF has hydroxyl groups that can be used to make PU.
In comparison, the homopolymerization of THF was also conducted at 20 with BF 3 .Et 2 O as the catalyst. The amount of BF 3 .Et 2 O employed is similar to the amount used in copolymerization of ENO/THF copolymerization reactions. However, the reaction did not yield any polymer. The reaction only yielded homopolymer of THF when the amount of BF 3 .Et 2 O used was about 10 w/w of the THF, which is similar to results reported in literature 17 ENO = epoxidized natural oil, THF:ENO = monomer ratio (ml : g), Mol eq. = mol equivalent of BF 3 .Et 2 O, GPC = gel permeation chromatography, M w = weight average molecular weight, M n = number average molecular weight, PDI = polydispersity index, OHV = hydroxyl value (mg KOH/g), AV = acid value (mg KOH/g) 3.5 Polyurethanes made from copolymers of epoxidized natural oils and tetrahydrofuran The prepared copolymers of ENO and THF were used as starting materials for making polyurethane PU samples. These copolymers were reacted with 4,4 -diphenylmethane diisocyanate MDI and yielded quantitative amount of PU samples. The ratio between the isocyanate group NCO and the hydroxyl group OH was kept at 1.05 to 1 NCO/ OH ratio 1.05 in order to ensure that all the hydroxyl groups of copolymers were fully reacted and the PU samples were fully cured when the excess isocyanate group reacted with moisture from the air.
The PU synthesis was based on the 4 copolymers EMO-THF, ECB-THF, EPO-THF and ESO-THF and they were reacted with MDI according to ratio describe above. In addition, homopolymerized THF PTHF was also included as a control in the PU analysis. The PU samples made from these copolymers were cross-linked polymers, which indicate that all the copolymers have 2 or more hydroxyl functionality that enable the formation of cross-linked polymer.
Tensile testing was carried out on these PU samples in order to give a better understanding of the strength of these PU. Figure 9 shows the stress-strain curve of PU made from each type of copolymers. Furthermore, swelling test was conducted on PU samples in order to determine the cross-linking density of PU samples by using the FloryRehner equation 18 . Table 7 shows the properties of PU samples made from these copolymers.
PTHF-MDI PU based on homopolymerized THF; PTHF EMO-THF-MDI PU based on copolymer EMO-THF ECB-THF-MDI PU based on copolymer ECB-THF EPO-THF-MDI PU based on copolymer EPO-THF ESO-THF-MDI PU based on copolymer ESO-THF Referring to Table 7 and Fig. 9 , the benchmark PU PTHF-MDI shows significantly high tensile strength 8.3 MPa but low elongation 6 . The tensile strength of PTHF-MDI comes from the intermolecular force between polymer chains of PTHF as the polymer chains of PTHF are more regular in structure, which can form semicrystal- Mol eq. = mol equivalent of CF 3 SO 3 H, GPC = gel permeation chromatography, M w = weight average molecular weight, M n = number average molecular weight, PDI = polydispersity index, OHV = hydroxyl value (mg KOH/g), AV = acid value (mg KOH/g) Fig. 7 MALDI-TOF-MS spectrum of (PTHF) by using DHB as matrix in the analysis.
Fig. 8 Homopolymer of THF (PTHF13).
line structure in PTHF-MDI and this semicrystalline structure acts as a physical cross-link in the PU polymer matrix 19 . However, the cross-link density of PTHF-MDI was low 0.65 10 4 mol/cm 3 because both the PTHF and MDI are bifunctionals molecules that usually form linear polymers. Both copolymers EMO-THF and ECB-THF were made from ENO with one epoxide group and the hydroxyl values of both copolymers were relatively lower than other copolymers. Therefore, the cross-link densities exhibited by PU made from both copolymers EMO-THF-MDI and ECB-THF-MDI were relatively low 3.2-3.4 10 4 mol/cm 3 .
This relatively low cross-link density translated to tensile strength in the region of 5.3 MPa to 5.9 MPa. However, there was a significant different between these two PU as the elongation at break for ECB-THF-MDI was significantly higher than EMO-THF-MDI . This better performance of ECB-THF-MDI can be attributed to the plasticizing effect from the saturated fatty acid chains found in ECB-THF-MDI , which originated from epoxidized cocoa butter ECB .
In comparison, PU EPO-THF-MDI made from copolymers based on EPO-THF , which has two epoxides functionality, exhibited higher cross-link density and tensile strength than both EMO-THF-MDI and ECB-THF-MDI . However, the higher cross-link density also contributed to lower elongation at break as compared to ECB-THF-MDI . Meanwhile, ESO-THF-MDI exhibited the highest tensile strength among all the PU samples. This is due to the relatively high cross-link density of ESO-THF-MDI , which is contributed by the relatively higher hydroxyl value of copolymer ESO-THF 56 mg KOH/g . However, the elongation at break of ESO-THF-MDI was lower than EPO-THF-MDI even though they have similar tensile strength. It is proposed that the cross-link density of ESO-THF-MDI is now too high and that it made the PU ESO-THF-MDI stiffer, which restricted the elongation of ESO-THF-MDI , resulting in lower elongation at break. In addition, the shorter average length of THF chains grafted on ESO as compared to EPO-THF also contributed to this result. In general, the elongations at break for PU samples made with the copolymers were significantly better than the benchmark PU PTHF-MDI , which was based on homopolymerized THF. This indicates that the incorporation of renewable natural oil moiety into the PU polymer network significantly improve the elasticity of PU samples. However, for PU samples EMO-THF-MDI and ECB-THF-MDI , lower tensile strength was observed as compared to PTHF-MDI due to lower hydroxyl values of the copolymers EMO-THF and ECB-THF . In contrast, PU samples EPO-THF-MDI and ESO-THF-MDI exhibit higher tensile strengths and significantly better elongations at break than benchmark PU PTHF-MDI . This improvement of properties can be attributed to the incorporation of highly unsaturated natural oil moiety palm olein and soybean oil into the PU polymer network.
3.6 Thermal properties of polyurethanes made from copolymers Thermal gravimetric analysis TGA and differential scanning calorimetry DSC were conducted on the prepared PU samples made from copolymers in order to evaluate the thermal properties of these PU samples. In addition, PU made from homopolymerized THF PTHF-MDI was also evaluated for comparison purposes. The following are the results of these thermal analyses. 3.6.1 Thermal gravimetric analysis TGA The TGA analysis of PU samples made from copolymers and PTHF is shown in Fig. 10 , where these PU were thermally stable up to 300 before they started to degrade at about 300 . The TGA analysis also shows all PU samples consist of one component except for EMO-THF-MDI , which exhibited a minor component and a major component in the sample. The minor component could be saturated fatty acids.
Differential Scanning Calorimetry DSC
The DSC analysis of PU samples made from the copolymers and PTHF is shown in Fig. 11 . The DSC analysis shows that all the PU samples have glass transition temperatures Tg at about 70 . This low Tg contributed to the flexibility of the PU and they are able to remain flexible even at low temperatures. Furthermore, each of the PU samples exhibited a softening/melting point at temperature ranges from 10 to 45 , depending on the copolymers used in making the PU before they degraded at 300 . 
CONCLUSION
The prepared ENO EMO, ECB, EPO and ESO can be copolymerized with THF to yield copolymers polyols through cationic ring opening reaction of both epoxide and THF catalyzed by BF 3 .Et 2 O. The copolymerization reaction is affected by the amount of catalyst, reaction temperature, reaction duration and the ratio between the two monomers ENO and THF . The properties of the copolymers also depended on the type of natural oils. Natural oils with low unsaturation methyl oleate MO , cocoa butter CB yielded copolymers with lower molecular weights EMO-THF and ECB-THF ; while natural oils with two or more unsaturations produced high molecular weight copolymers and higher hydroxyl values EPO-THF and ESO-THF .The prepared copolymers were used to make PU samples. PU based on copolymers made from natural oil with low levels of unsaturation MO and CB yielded PU samples EMO-THF-MDI and ECB-THF-MDI with lower tensile strength but better elongation flexibility than benchmark PU PTHF-MDI . In fact, ECB-THF-MDI showed the highest elongation at break due to the plasticizing effect from the saturated fatty acid chains originated from CB . These PU samples EMO-THF-MDI and ECB-THF-MDI have suitable mechanical properties for making elastomeric PU that requires very good flexibility. On the other hand, PU samples EPO-THF-MDI and ESO-THF-MDI based on copolymers made from natural oils with higher levels of unsaturation PO and SO exhibit higher tensile strength and elongation than benchmark PU PTHF-MDI . The highest tensile strength is shown by PU ESO-THF-MDI . These PU samples have suitable mechanical properties for making semi-flexible PU elastomers that require high tensile strength with some flexibility.
